2 Summary 35 Wing dimorphisms have long served as models for examining the ecological and evolutionary 36 tradeoffs associated with alternative morphologies [1] , yet the mechanistic basis of morph 37 determination remains largely unknown. Here we investigate the genetic basis of the pea aphid 38 (Acyrthosiphon pisum) wing dimorphism, wherein males exhibit one of two alternative 39 morphologies that differ dramatically in a set of correlated traits that inclused the presence or 40 absence of wings [2] [3] [4] . Unlike the environmentally-induced asexual female aphid wing 41 polyphenism [5] , the male wing polymorphism is genetically determined by a single 42 uncharacterized locus on the X chromosome called aphicarus ("aphid" plus "Icarus", api) [6, 7] . 43 Using recombination and association mapping, we localized api to a 130kb region of the pea 44 aphid genome. No nonsynonymous variation in coding sequences strongly associated with the 45 winged and wingless phenotypes, indicating that api is likely a regulatory change. Gene 46 expression level profiling revealed an aphid-specific gene from the region expressed at higher 47 levels in winged male embryos, coinciding with the expected stage of api action. Comparison of 48 the api region across biotypes (pea aphid populations specialized to different host plants that 49 began diverging ~16,000 years ago [8, 9] ) revealed that the two alleles were likely present prior 50 to biotype diversification. Moreover, we find evidence for a recent selective sweep of a wingless 3
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Mapping identifies the api locus. Winged and wingless male pea aphids ( Figure 1A ) are 70 genetically determined by a single locus called aphicarus (api). This locus was previously 71 localized to a 10cM region on the X chromosome ( Figure 1B, top) [6], a chromosome estimated 72 to contain a third of the genome [10] . To narrow down this region, we selfed F1 individuals from 73 the api mapping line produced by this original study to create F2 individuals. Using a panel of 74 448 of those F2 pea aphids, we simultaneously identified and scored single nucleotide 75 polymorphisms (SNPs) using multiplexed shotgun sequencing [11] . QTL analysis of these data 76 resulted in the identification of 19 scaffolds containing SNPs with LOD scores higher than the 77 1% significance level of 7.6 generated by 1000 permutations (Table S1) . 78 79 Concurrently, to perform genome-wide association mapping, we sequenced the genomes of 44 80 pooled winged and 44 pooled wingless males collected from alfalfa (Medicago sativa) plants 81 across the U.S. (Table S2 ) to a total of 68X and 70X coverage, respectively. F ST analysis 82 between the winged and wingless sequenced pools revealed two scaffolds with high levels of 83 differentiation ( Figure 1C ). The first was a scaffold identified from the QTL analysis (LOD=17.5), 84 while the second was not considered in the QTL analysis because it was smaller (42 kb) than 85 the minimum scaffold size used in QTL analysis (scaffolds>100kb).
87
We physically ordered the 19 genomic scaffolds containing SNPs with LOD scores greater than 88 7.6, plus the smaller scaffold with a high F ST value. For ordering, we assayed a restriction 89 fragment length polymorphism (RFLP) marker for each scaffold using a panel of 40 F2 90 individuals that each carried a recombination event between the previous closest api flanking 91 markers identified by Braendle et al. [6] . 16 of the 19 scaffolds were localized within these 92 flanking markers, confirming the effectiveness of the QTL analysis. Two of these 16 scaffolds 93 contained RFLPs with perfect association with all 40 F2s (see the api region noted in Figure   94 1B); these were the same two scaffolds identified from the F ST analysis. Thus, recombination 95 and association mapping each implicated the same two genomic scaffolds, a smaller scaffold 96 (~42kb, GL351389) and a larger scaffold (>350kb, GL349773; this scaffold is misassembled 97 after position ~350kb). We compared these scaffolds to their homologous regions from the 98 peach-potato aphid (Myzus persicae) and Russian wheat aphid (Diuraphis noxia) genomes [12, 99 13] and determined that these two scaffolds sit proximately, in opposing orientation ( Figure S1 ). 100 Both of these species have a single genomic scaffold that spans the entire api region, with each 101 species' single scaffold containing homologous regions to the two pea aphid scaffolds. We 102 4 developed additional RFLP markers in this region, which narrowed down the api region to 103 between position 25kb on the smaller scaffold and position 107kb on the larger one, defining an 104 approximately 130kb api region spanning the two scaffolds.
106
High associations between SNPs in the api region and the winged and wingless males. 107 The winged and wingless male pooled sequence (pool-seq) data highlighted many SNPs across 108 the ~130kb api region that are strongly associated with the male wing phenotype (Figure 2A ). 109 The wide distribution of associated SNPs may indicate that this is a region of low recombination 110 or that the api phenotype is generated by multiple SNPs that are maintained in linkage 111 disequilibrium. The pool-seq data were generated from pea aphids collected from alfalfa. We 112 wanted to determine whether a broader sample, across biotypes, would narrow down the 113 causative polymorphism. As noted above, the pea aphid is actually a species complex with as 114 many as 15 host plant adapted lineages, called biotypes, that began diverging 8,000-16,000 115 years ago [8, 9] . Biotypes have limited gene flow between them, and the ones with the least 116 genetic exchange have been described as incipient species [8, 9] . We used the complete 117 genomes of 23 genotypes from nine different biotypes (Table S3) These two association studies, combined, indicate that the region that most likely contains api is 128 the ~95kb region that includes the ~10kb end of GL351389 (the smaller api scaffold), and the 129 first 85kb on GL349773 (the larger scaffold) ( Figure 2A ). Within this 95kb region, there are 130 multiple regions with considerable sequence divergence such that the Illumina sequence reads 131 from winged alleles cannot be aligned to the wingless reference genome, appearing as regions 132 with low coverage from the winged pool ( Figure 2B ). These regions, from position ~5kb to 133 ~33kb and from position ~65kb to ~75kb, could potentially be the causative variation, or contain 134 the causative SNP(s). Across the whole genome, the winged and wingless pools were 135 sequenced with near-equal effort (68X and 70x respectively), so sequence differences between 136 5 the alleles are driving this pattern.
138
A candidate gene at the api locus. The ~130kb api region contains 13 annotated genes in the 139 pea aphid annotation, v.2.1 ( Figure 2D ; Table S4 ). The pea aphid genome annotation was 140 primarily derived from gene prediction algorithms with aid from sequence information from 141 female RNA libraries [14] , leaving the possibility that male-specific genes in the region were 142 missed during annotation efforts. We therefore sequenced four RNA-Seq libraries constructed 143 from different stages of winged and wingless male embryonic cDNA, but did not detect any 144 unannotated genes in the region. Of the 13 annotated genes, seven have transposable 145 element-related annotations ( Table S4 ). The remaining six genes code for three aphid-specific 146 proteins with no conserved domains (as1, as2, and as3), a mitochondrial sorting and assembly 147 gene (sam50), a fibroblast growth factor receptor substrate (frs2), and a chromodomain-148 encoding gene (cdg) ( Figure 2D ). The seven TE-related genes, along with as1, have no 149 discernable gene expression in our male embryo RNA-seq data or the 38 RNA-Seq libraries (36 150 from females of different ages, two from adult males) publicly available on Aphidbase.com. as2, 151 sam50, frs2, and cdg all exhibited evidence of expression in our male-specific RNA-Seq 152 libraries (Table S4) ; as3 was not expressed in our male RNA-seq libraries, but was expressed in 153 female libraries on Aphidbase [15]. We conclude these five genes (as2, as3, sam50, frs2, and 154 cdg) are the only annotated genes that are transcribed and thus the only functional genes in the 155 region.
157
We found no nonsynonymous changes that very strongly associated with the api phenotype 158 across the pool-seq and biotype data; all nonsynonymous sites contained multiple reads in the 159 pool-seq data that contradicted the association. We thus inferred that the mutation(s) that 160 differentiates winged and wingless males must be regulatory. We measured the expression 161 levels of the five genes (as2, as3, sam50, frs2, and cdg) that had evidence of transcription, 162 using qRT-PCR. Winged and wingless males are morphologically different by the second 163 nymphal instar [16] and wing morph determination in the environmentally induced wing 164 polyphenism in pea aphid females occurs embryonically [17] . We thus reasoned that the action 165 of api would occur embryonically, but that potentially the first nymphal instar may be important, 166 too. Therefore, we focused on two developmental stages: embryos and first instar nymphs. 167 168 We observed that as3 is not expressed in males at these stages, consistent with the RNA-Seq 169 results. Among the four expressed genes (as2, sam50, frs2, and cdg), only as2 was 170 6 differentially expressed between winged and wingless embryos (two-sided t-test, P=0.01; Figure   171 3), with two-fold higher expression in the winged embryos. No genes significantly differed in 172 expression as first instars. as2 is found in all sequenced aphid genomes [12, 13, 18 ], but is not 173 found outside of aphids. as2 is physically located in the center of our identified region near a 174 large number of linked markers. It is also the only gene in the region that shows differential 175 expression in the embryo stage, when api is likely to act. Thus, as2 is the most likely candidate 176 for api, although this hypothesis requires further validation. 177 178 Molecular evolution at the api locus across pea aphid biotypes. To investigate the evolution 179 of the api region within the pea aphid complex, we used the 23 resequenced genomes from 180 nine biotypes. To determine the evolutionary history of the X chromosome in these lineages we 181 constructed a phylogeny based on DNA polymorphisms from scaffolds located across the X 182 chromosome, but not in the api region ( Figure 4A ). This analysis confirmed the genetic grouping 183 of individuals from the same biotype, and that there is a continuum of sequence divergence 184 across the complex of biotypes [9] . The winged and wingless phenotypes are scattered across 185 this phylogenetic tree. In contrast, when we constructed trees from 10kb windows across the api 186 region, we found complete separation of the winged and wingless genotypes ( Figure 4B Our study shows that the pea aphid provides a robust model for investigating the molecular 219 basis of morphological variation. We have identified a single ~130kb-region of the pea aphid X 220 chromosome that causes the differences between winged and wingless males. as2, an aphid-221 specific gene in the region, is expressed at higher levels in winged embryos relative to wingless 222 embryos, making it a strong candidate for regulating this wing dimorphism. This study is the first Linkage mapping. Braendle et al. [6] previously established an api linkage mapping population. 308 We used the F1 line from that population to generate additional F2 recombinants. Specifically, 309 F1 asexual females were placed on Vicia faba plants in an incubator at 16°C and a photoperiod 310 of 12h light and 12h dark. After two generations of asexual reproduction, these conditions 311 induce the production of sexual females and males. We crossed F1 females to F1 males, 312 collected fertilized eggs, sterilized them in 1% calcium propionate on Whatman paper, and 313 placed them in an incubator that alternated between 4°C for 12h light and 0°C for 12hr dark. 314 After 90 days, eggs were removed from this incubator and placed in a 19°C incubator that 315 alternated between 16h light and 8h dark. F2 hatchlings were transferred to individual plants for 316 asexual reproduction to establish a line of that F2 individual. We identified genomic scaffolds that exhibited linkage with api using Rqtl [28] . For each scaffold 326 of interest, we developed a diagnostic restriction fragment length polymorphism (RFLP) marker. 327 RFLP markers were tested on a panel of 10 F2 individuals to confirm that the scaffold was 328 indeed X-linked and linked to api. The scaffolds were ordered relative to one another using a 329 panel of up to 40 F2 individuals. Recombination breakpoints for the two scaffolds in the api 330 region were localized to within ~10kb (left side defined by markers at positions 15,767 and 331 25,460 on GL351389 and right side by markers at positions 97,258 and 107,073 on GL349773). 332 The others scaffolds contained only one RFLP marker each and thus breakpoints in Figure 1C Fully re-sequenced genomes. In addition to the reference pea aphid genome which is api 362 wingless homozygous, we obtained the sequence of 22 additional pea aphid genomes: 9 363 carrying only the winged allele and 13 the wingless allele (Table S3) Quantitative reverse-transcriptase PCR (qRT-PCR). We also used the two api homozygous 393 F2 lines to collect male embryos and first instar nymphs. To produce males, we transferred 394 asexual female adults into an incubator at 16°C with a photoperiod of 12h light and 12h dark. 395 Two generations in this environment resulted in asexual females whose offspring would be 396 males and sexual females. We dissected stage 18 [35] embryos from the females or collected 397 first instar nymphs. We confirmed the sex of embryo or nymph using an RFLP on the X Figure 4 
